The insertion of mobile elements into the genome represents a new class of genetic markers for the study of human evolution. Long interspersed elements (LINEs) have amplified to a copy number of about 100,000 over the last 100 million years of mammalian evolution and comprise ∼15% of the human genome. The majority of LINE-1 (L1) elements within the human genome are 5Ј truncated copies of a few active L1 elements that are capable of retrotransposition. Some of the young L1 elements have inserted into the human genome so recently that populations are polymorphic for the presence of an L1 element at a particular chromosomal location. L1 insertion polymorphisms offer several advantages over other types of polymorphisms for human evolution studies. First, they are typed by rapid, simple, polymerase chain reaction (PCR)-based assays. Second, they are stable polymorphisms that rarely undergo deletion. Third, the presence of an L1 element represents identity by descent, because the probability is negligible that two different young L1 repeats would integrate independently between the exact same two nucleotides. Fourth, the ancestral state of L1 insertion polymorphisms is known to be the absence of the L1 element, which can be used to root plots/trees of population relationships. Here we report the development of a PCR-based display for the direct identification of dimorphic L1 elements from the human genome. We have also developed PCR-based assays for the characterization of six polymorphic L1 elements within the human genome. PCR analysis of human/rodent hybrid cell line DNA samples showed that the polymorphic L1 elements were located on several different chromosomes. Phylogenetic analysis of nonhuman primate DNA samples showed that all of the recently integrated "young" L1 elements were restricted to the human genome and absent from the genomes of nonhuman primates. Analysis of a diverse array of human populations showed that the allele frequencies and level of heterozygosity for each of the L1 elements was variable. Polymorphic L1 elements represent a new source of identical-by-descent variation for the study of human evolution.
The insertion of mobile elements into the genome represents a new class of genetic markers for the study of human evolution. Long interspersed elements (LINEs) have amplified to a copy number of about 100,000 over the last 100 million years of mammalian evolution and comprise ∼15% of the human genome. The majority of LINE-1 (L1) elements within the human genome are 5Ј truncated copies of a few active L1 elements that are capable of retrotransposition. Some of the young L1 elements have inserted into the human genome so recently that populations are polymorphic for the presence of an L1 element at a particular chromosomal location. L1 insertion polymorphisms offer several advantages over other types of polymorphisms for human evolution studies. First, they are typed by rapid, simple, polymerase chain reaction (PCR)-based assays. Second, they are stable polymorphisms that rarely undergo deletion. Third, the presence of an L1 element represents identity by descent, because the probability is negligible that two different young L1 repeats would integrate independently between the exact same two nucleotides. Fourth, the ancestral state of L1 insertion polymorphisms is known to be the absence of the L1 element, which can be used to root plots/trees of population relationships. Here we report the development of a PCR-based display for the direct identification of dimorphic L1 elements from the human genome. We have also developed PCR-based assays for the characterization of six polymorphic L1 elements within the human genome. PCR analysis of human/rodent hybrid cell line DNA samples showed that the polymorphic L1 elements were located on several different chromosomes. Phylogenetic analysis of nonhuman primate DNA samples showed that all of the recently integrated "young" L1 elements were restricted to the human genome and absent from the genomes of nonhuman primates. Analysis of a diverse array of human populations showed that the allele frequencies and level of heterozygosity for each of the L1 elements was variable. Polymorphic L1 elements represent a new source of identical-by-descent variation for the study of human evolution.
[The sequence data described in this paper have been submitted to the GenBank data library under accession nos. AF242435-AF242451.] Long interspersed element-1 (LINE-1) sequences are a large family of transposable elements found in the genomes of all mammals (Burton et al. 1986; Xiong and Eickbush 1990) . They belong to the poly(A)-containing (also called the non-long-terminal-repeat) class of retrotransposons. The consensus human LINE-1 (L1Hs) is 6.0 kb long, contains two nonoverlapping reading frames, terminates in an A-rich tail, and is surrounded by a short (4-20 bp) duplication of non-LINE-1 (L1) sequence, the target site duplication (Fanning and Singer 1987) . The human genome contains an estimated 10 5 truncated and 4 ‫ן‬ 10 3 full-length L1Hs elements (Adams et al. 1980; Grimaldi et al. 1984; Hwu et al. 1986 ), which together constitute ∼15% of the genome (Smit 1996) .
The majority of L1Hs elements are not capable of transposition because they are truncated or rearranged or contain other significant mutations. Nevertheless, abundant evidence indicates that L1Hs transposition continues to occur. Several examples of recent de novo transposition events have been identified largely as the result of mutations caused by the insertion of new L1Hs elements into functional genes (Kazazian et al.ments called Ta (transcribed, subset a) . This subfamily was first recognized as a group of expressed elements with a high degree of sequence identity to one another (Skowronski et al. 1988) . The Ta subfamily of L1 elements (L1Hs-Ta) are characterized by the presence of the sequence ACA in the 3Ј untranslated region at position 5930-5932; numbers refer to the actively transposing element LRE-1 [Dombroski et al. 1991] ). Elements with the genomic L1Hs consensus sequence have a GAG sequence at this position (Skowronski et al. 1988) . Recent experiments have suggested that the human genome may contain 30-60 active L1Hs retrotransposons (Sassaman et al. 1997) .
The de novo insertion of a transposable element into the genome creates a new polymorphic genetic marker with a number of unique properties, as first described for Alu-insertion polymorphisms Perna et al., 1992; Deininger and Batzer 1993 Batzer et al. 1994 Batzer et al. , 1996 Stoneking et al. 1997) . As with Alu-insertion polymorphisms, each L1Hs insertion represents a unique historic event. This is a result of the large number of potential target sites (theoretically equal to 3 ‫ן‬ 10 9 , the number of base pairs in the human genome) for the integration of new mobile elements. Thus, there is an extremely low likelihood that two independent L1Hs insertions would land between the exact same base pairs, and in the unlikely event that this should occur, the two L1 elements would probably differ in length. Accordingly, individual loci bearing the same L1Hs insertion are identical by descent. In addition, the ancestral state of an L1Hs insertion is the absence of the element, because the direction of mutation is the insertion of a new mobile element into the genome. Orthologous loci in nonhuman primates may also be analyzed for the presence of the mobile element insertion to verify the ancestral state. Once inserted, most L1Hs elements are stable over long periods of time (Smit et al. 1995) . In rare instances when a transposable element is deleted from the genome, the process is often imperfect, and a "footprint" of the original mobile element is left behind (Edwards and Gibbs 1992) . Finally, L1 transposition has been occurring in mammals for millions of years and continues to this day, suggesting that a series of dimorphic L1Hs insertions that have arisen throughout human evolution may be found in the present-day human population; loci that are dimorphic in a population via the presence or absence of an L1 element are called LINE-1 insertion dimorphisms (LIDs).
Most other types of genetic markers do not share these properties (Batzer et al. 1994 Stoneking et al. 1997) . Thus, dimorphic transposable elements, such as Alu or L1, have a number of unique, useful properties for the study of human population genetics. Previously, dimorphic Alu elements have been used to provide insights into human genetic diversity and evolution (Perna et al. 1992; Batzer et al. 1994 Batzer et al. , 1996 Hammer 1994; Novick et al. 1995 Novick et al. , 1998 Tishkoff et al. 1996; Stoneking et al. 1997) . Dimorphic L1 elements could present another potentially useful class of genetic polymorphisms if a large number of such dimorphisms could be readily identified. Here, we describe the identification of dimorphic LINE elements from the human genome using a method called L1 display to ascertain the LIDs. Using this approach we have identified six LIDs from six individuals of diverse geographic backgrounds. In addition, we developed PCRbased assays to genotype these six individual LIDs in 850 individuals from 14 worldwide populations. Our results show that evolutionarily young LIDs can be readily identified by the L1 display assay and that these elements are a novel source of genomic variation for the study of human population genetics and forensics.
RESULTS

Identification of LIDs
Our goals in developing the L1 display were to design a method that (1) was capable of efficiently isolating LIDs from the genomic DNA of different individuals and populations, (2) allowed the DNA from many individuals to be compared and processed simultaneously, (3) required minimal preparatory manipulation of the DNA samples, and (4) could tolerate moderately degraded DNA samples. We focused our approach on the L1Hs-Ta subfamily because it includes most of the actively transposing human L1 elements (Sassaman et al. 1997) .
The L1 display method is outlined in Figure 1a . A truncated or full-length L1Hs-Ta is depicted surrounded by flanking DNA. Each DNA sample is amplified by two rounds of polymerase chain reaction (PCR), with multiple samples performed in parallel in each round. Also represented are the products of the PCR amplifications. In the first round, each reaction contains genomic DNA from a single individual (the template), a Ta-specific primer (termed ACA), and a single arbitrary 10-bp primer. In the second round, portions of each of the first-round PCR reactions are reamplified using a nested primer (NP) that hybridizes to a conserved region of the L1Hs 3Ј untranslated region (UTR) and the same 10-bp primer used in the first round. The products of this second round of amplification are Southern blotted and hybridized with an oligonucleotide probe (Hb) that is complementary to the L1Hs 3Ј UTR. Two patterns of amplification-uniform and variable bands-differentiate fixed and dimorphic L1Hs-Ta elements after such a survey of multiple genomes:-Amplified DNA fragments for a fixed element should be visible in all tested individuals (uniform bands), while amplified DNA fragments from a dimorphic element should be visible in only a fraction of the tested individuals (variable bands).
The L1 display was performed with 14 arbitrary primers on DNA samples isolated from six males with diverse geographic backgrounds (European/Caucasian, Ca-1; Ashkenazi, Ca-2; Chinese, Ch; Druze, Dr; Zaire Pygmy, Py; and Melanesian from the Solomon Islands, Me). With each of the primers, strongly hybridizing bands were evident on the autoradiograms. A typical example of the results obtained using one of the arbitrary primers is shown in Figure 1b . A band of 230 bp is present in all individuals (uniform band) and may represent a fixed L1Hs-Ta locus, while a second band of about 500 bp is present in only three of the samples (variable band) and may represent a LID.
DNA from ten variable bands was isolated from agarose gels, cloned by the TA method (Invitrogen) and sequenced. All ten clones contained sequences of the L1Hs 3Ј-end and adjacent 3Ј-flanking unique region. Each of the ten clones was unique as indicated by the unique 3Ј flanking sequences. The L1Hs 3Ј-end sequences contained the terminal 80 bp of a L1Hs 3Ј UTR (64 bp of amplified sequence, plus 16 bp from primer NP) and an A-rich region. Only 3 nucleotide differences from the active LRE-1 (also an L1Hs-Ta) sequence were detected among the terminal 64 bp of L1Hs 3Ј UTR sequence determined from each of the clones, and 2 of these were present in L1Hs poly(A) addition signals (not shown). This suggests that the cloned L1Hs loci are relatively young and have not had sufficient time to accumulate a large number of random mutations.
To confirm the dimorphic status of the cloned loci, genomic DNA from each individual was amplified at a higher stringency with primers ACA and 3FPa (Fig.  1a) . Each of the 3FPa primers was specific for the nonL1Hs 3Ј-flanking DNA of one of the cloned variable DNA fragments (Fig. 1a) and each of the amplifications was done with the appropriate 3FPa primer. In six cases, the presence or absence of unique bands of the predicted size matched the pattern seen in L1 display (Figs. 2a,b) . We verified the ability of the 3FPa oligonucleotides to prime PCR in all six individuals by amplifying genomic DNA with flanking primers 3FPa and 3FPb (Fig. 1a) . Amplified fragments of the expected size were evident in all individuals, confirming that the absence of bands in Fig. 2b did not result from the failure of a 3FPa to prime.
In four of the ten cases, amplification of genomic DNA with primers ACA and 3FPa resulted in bands of identical length in all six individuals (not shown). In these cases, it is possible that the L1 display was in error and the clones may actually represent monomorphic L1Hs insertions. It is important to note that two of the four potentially false-positive clones were obtained using a single arbitrary primer in L1 display. Other experiments confirm that some arbitrary primers are not suitable for L1 display (F-m. Sheen and G.D. Swergold, unpubl.). Careful selection of arbitrary primers that yield reproducible banding patterns in L1 display reactions can substantially reduce the falsepositive rate. Alternatively, transduction of 3Ј-flanking DNA may have occurred during the insertion of these four elements. In this situation, the 3FPa primers, which were designed to prime near the L1Hs insertion sites, may be expected to amplify both the new (dimorphic) L1Hs insertions, as well as the progenitor L1Hs elements. As a result, the amplification of genomic DNA from different individuals with primers ACA and 3FPa may falsely indicate the presence of a single in- 32 P]dCTP with terminal transferase. Digital photographs of the autoradiograms of the hybridized blots are depicted. Fragments representing both the empty alleles (slower mobility) and the occupied alleles (faster mobility) can be seen in the blots hybridized with the 3Ј-flanking probes from LID 1, 2, 4, 5. The two bands in the Ca-2 and Dr samples of the LID-1 blot (positions indicated by short lines) are located extremely close to one another. The absence of fragments for the Ca-1 samples in the LID-2 and LID-4 blots was due to an insufficient loading of DNA. (d,e) PCR amplification of LID 1-6 with 5Ј-and 3Ј-flanking primers. Genomic DNA was amplified with primers 3FPa and 5FP. For each LID, 200 ng genomic DNA was amplified with the LID-specific primers 5FP and 3FPa. The arrowheads indicate the location of the amplified products of the empty alleles. The larger bands are the amplified products of the filled alleles. Digital photographs of the ethidium bromide-stained gels (d) or the autoradiograms of the gel after blotting and hybridization with probe Hb (e) are shown.
sertion with a high gene frequency. In contrast, performing PCR with the ACA and the arbitrary primers would amplify only the younger (dimorphic) L1Hs insertion because the arbitrary primer annealing site is farther from the insertion site and outside of the transduced region.
We employed several methods to confirm that the dimorphic amplified DNA fragments labeled LID 1-6 derived from the insertion of L1Hs-Ta elements on some of the sample chromosomes. First, genomic DNA from each individual was digested with AccI, blotted, and hybridized with non-L1Hs 3Ј-flanking probes generated by PCR amplification of the cloned DNA with primers 3FPa and 3FPb (Fig. 1a) . L1Hs elements contain two conserved AccI sites located near the 5Ј-and 3Ј-ends of the elements. Chromosomes containing the LID-occupied alleles are expected to display shorter DNA fragments than chromosomes containing the empty alleles (Fig. 1a. ). In four cases (LID 1, 2, 4, and 5), the patterns of AccI fragments detected by the 3Ј-flank probes were also consistent with the L1 display (Fig.  2c ). We were unable to confirm the dimorphic status of the other two insertion loci by Southern blotting. Hybridization with the LID-3 flanking probe revealed only a single weakly hybridizing DNA fragment, which was present in each individual, while hybridization with the LID 6 probe resulted in a smear (Fig. 2c) .
Subsequently, we obtained 5Ј-flanking sequence from each of the insertion sites (see Methods) and amplified genomic DNA from each of the six samples using the LID-specific flanking sequence primers 5FP and 3FPa (Figs. 1a, 2d, e) . In this experiment, amplification of empty alleles is expected to result in DNA fragments that are shorter than amplification of the occupied alleles by a size that depends on the length of the L1Hs insertions . In each case, both the empty alleles (arrowheads) and the filled alleles were visible and the pattern of bands were as expected. The ethidium bromide-stained gels also contained shadow bands (Fig. 2d ) that probably resulted from the formation of heterodimers between the filled and empty alleles. We confirmed the identity of the LID PCR products by blotting the gels and hybridizing with oligonucleotide Hb (Fig. 2e) .
These data also indicate that LIDs 1-6 were heterozygous in each of the six tested individuals (Figs. 2c,d ). DNA sequencing of the LID PCR products revealed that LID 1-6 all contained the ACA subfamily specific sequence, indicating that they indeed are members of Ta subfamily of L1 elements. Two of the LIDs (2 and 3) were present in only a single subject and each of the six subjects was unique on the basis of the presence or absence of LID 1-6 (Fig. 2) .
L1Hs-Ta Subfamily Quantification
To estimate the number of L1Hs-Ta dimorphisms present in a typical genome, we first determined the total number of L1Hs-Ta 3Ј UTRs in the haploid genome that contains about 100,000 L1Hs elements. Quantitative Southern blotting revealed that 2250 L1Hs-Ta 3Ј UTRs were present (Fig. 3) . This result compares favorably to the previous estimate, also based on quantitative Southern blotting, that 2% (80/4000) of fulllength L1Hs elements belong to subset Ta (Sassaman et al. 1997) . It may, however, be artificially elevated by the inappropriate hybridization of the probe to elements with sequences other than ACA at position 5930-5932. Although we did establish that the probe does not hybridize to GAG sequences (not shown) the large number of alternative sequences present in the human genome made it impractical to rule out inappropriate hybridization to a different subset of elements. We estimated the minimum frequency of Ta element dimorphisms by counting the L1 display bands obtained using the 14 arbitrary primers. An average of ten variable and 20 uniform bands were evident per individual (not shown). Only six of the ten cloned variable bands represent confirmed dimorphic L1 loci, indicating that roughly 20% (0.6 ‫ן‬ 10/30) of Ta sites in an individual are dimorphic. We then estimated that ∼500 dimorphic loci exist in an average diploid human genome (see Methods for the calculation). L1 display cannot distinguish between individuals who are homozygous or heterozygous for a LID. This is because individuals with both of these genotypes will yield an L1 display band when the appropriate arbitrary primer is used. For a LID to be detected, at Figure 3 Quantification of L1Hs-Ta 3Ј UTRs in the human genome. Southern blot quantification. Genomic DNA from (1) individual Ca-2, (2) mouse LMTK-cells, and (3) LMTK-cells to which plasmid pL1.2A, which contains a subset Ta L1Hs), was added were digested with Sau3AI and AccI to release the L1Hs 3Ј UTRs. Samples 2 and 3 were mixed in varying ratios to represent 0, 700, 1050, 1400, and 2100 relative copies of L1Hs per haploid genome. Samples (1 µg) of each were Southern blotted and hybridized to oligomer C, a L1Hs-Ta-specific probe. The relative activity of the hybridized bands was measured on a PhosphorImager (Molecular Dynamics). Results indicate a relative copy number of 2250 for the Ca-2 band and a linear relationship of copy number to signal in the standard lanes. least one individual with one or more occupied alleles and at least one individual with two empty alleles must be present in the L1 display panel. Accordingly, dimorphic L1Hs insertions with high gene frequencies will be difficult to detect using either small population samples, as used here, or samples drawn from populations with high gene frequencies for the insertion. This suggests that our estimate of the number of dimorphic L1Hs insertions in the human population is lower than the actual value. A greater number of LIDs should be identifiable by performing L1 display on a larger diverse set of DNA samples.
LID Localization and Human Genomic Variation
To facilitate the rapid determination of the LID genotypes of untested individuals, we developed a PCRbased assay to determine the presence or absence of individual LIDs. A schematic diagram of the assay and the expected results is depicted in Figure 4 . In the assay, two PCR reactions are used to genotype each LID insertion. The first reaction utilizes 5Ј-and 3Ј-flanking unique DNA-sequence primers to ascertain genomic sites that are not occupied by L1 elements. In the second reaction, an L1Hs-Ta specific internal primer is used along with a 3Ј-flanking unique DNA-sequence primer to amplify genomic sites that are occupied by L1 elements. This assay was used not only to genotype individuals, but also to determine the chromosomal location of each LID element. To accomplish this, we performed a series of LID specific PCR reactions on a set of human/rodent monochromosomal hybrid cell line DNA samples (Coriell Institute) using the LIDspecific PCR primers shown in Table 1 . Each of the cell lines contains a full complement of rodent chromosomes, along with an individual human chromosome. Therefore, a PCR product from the LID-occupied site or the LID-empty site will be generated from a single DNA sample within the panel indicating that the LID element or preintegration site resides on that human chromosome, respectively. With this approach, we were able to map each of the LID elements to the chromosome on which they reside; the results of these experiments are shown in Table 1 . Two of the six LIDs (LID 2,6) reside on human chromosome 17.
We also used this PCR genotyping assay to determine the phylogenetic distribution of each of the LID elements within the human genome. We performed a series of LID-specific PCR reactions using DNA from 15 nonhuman primates as templates. In these experiments, we expected a preintegration-site PCR product from the genomes that do not contain the L1 element and an L1 element-specific PCR product from the genomes that do. The preintegration sites of LIDs 3, 4, and 6 were successfully amplified in all of the greatape, old-and new-world monkey species (see Methods for a list of the samples used), while the preintegration sites for LIDs 1, 2, and 5 were successfully amplified in the chimpanzee, gorilla, and orangutan samples but not in the old-or new-world monkeys. Occupied LID alleles were not amplified from any of the nonhuman primate samples. These data are indicative of the relatively recent origin of LIDs 1-6 within the human genome.
Finally, we performed a survey of the human genomic variation associated with the six LID loci in 850 DNA samples from 14 worldwide populations. The results of this survey are shown in Table 2 . Each of the LID elements was dimorphic in a number of diverse populations, with allele frequencies that ranged from 0.56 for LID 5 in the Hispanic American population to a frequency of 0 for LID1-LID6 in a number of cases. The average heterozygosity values for each locus also varied from 0.298 for LID 1 to 0.013 for LID 2. This is not surprising, for these are bi-allelic loci with a maximum heterozygosity of 0.5, or 50%. Only one of the 84 individual tests for Hardy Weinberg equilibrium were significant at the 0.01 level. We would expect one test Figure 4 Schematic diagram of the LID-insertion PCR assay. The diagram displays the LI-insertion dimorphism assay. The L1 element is in dark green, with the flanking unique sequence regions in yellow. The 5Ј-and 3Ј-flanking unique sequence primers are in red stripe and black, respectively. The internal Ta subfamily specific primer is shown in light green. The PCR amplicons generated from the L1-occupied and empty alleles are shown as green and red lines. In the assay, two PCR reactions are utilized to genotype each L1 insertion. In the first PCR reaction, 5Ј-and 3Ј-flanking unique sequence oligonucleotide primers are used to assay individual loci for empty alleles that do not contain Ta L1 elements. In the second PCR reaction, the 3Ј-flanking unique sequence oligonucleotide is used for the PCR, along with Ta L1 element subfamily specific primer ACA. With this approach, the size of the PCR-based amplicons generated from L1-occupied alleles is minimized and individual loci are tested for L1-occupied sites. The expected results of the PCR reactions are shown for the three potential genotypes at the bottom of the figure. to be significant at this level based upon chance alone, suggesting that this departure may be due to random statistical fluctuation. The between-population differentiation for each LID locus was determined using Wright's Fst statistic (Wright 1921) . The amount of between-population differentiation for each LID locus ranged from 0.035 for LID3 to 0.253 for LID 5. These data indicate that 3.5%-25.3% of the variation in the data was between populations.
To determine the utility of the LID elements for the study of human population genetics, we performed a principal-components analysis of the distribution of the six LID elements in a series of 14 human populations ( Figure 5 ; Harpending et al. 1996) . The clustering of populations within the plot shows a good concordance with the geographic proximity of the populations. Within the front view, there are groups of populations that contain Africans, Asians, Europeans, Amerinds, and Hispanic Americans. Because the ancestral state is the absence of the LINE elements from a particular chromosomal location (as shown above), we added a hypothetical ancestral population that did not contain the LINE elements into the analysis to determine the origin. This is identical to the way that plots of population relationships derived from Alu-insertion polymorphisms are analyzed (Batzer et al. 1994 Stoneking et al. 1997 ). In the PC plot, the hypothetical ancestral population is denoted (root) and is closest to the African populations in the first, second, and third principal components of the analysis. This supports an African origin for our species based upon the analysis of the six LID elements reported here.
DISCUSSION
L1 insertion polymorphisms offer several advantages over other autosomal DNA polymorphisms for human evolution studies. First, they are typed by rapid, simple PCR-based assays. This rapid nonradioactive approach to genotyping the loci makes it possible to quickly screen large numbers of DNA samples derived from a variety of different sources. In contrast, many other types of polymorphisms are much more time consuming to analyze and often require radioactivity or automated DNA sequencers for analysis (e.g., Bowcock et al. 1994; Deka et al. 1995 Deka et al. , 1996 . LINE elements are also stable polymorphisms that rarely undergo deletion. Even when the deletion of a mobile-element fossil occurs within the genome, a partial fossil relic is typically left behind in the genome, as previously reported for Alu elements (Edwards and Gibbs 1992) . It is also important to note that the rate of L1 element mobilization in the human genome has been faster than that of Alu elements but is still relatively slow, with only about 4500 L1H-Ta elements integrated in the genome since the radiation of African apes. This is important because the presence of an L1 element represents identity by descent, for the probability that two different Ta L1 repeats would integrate independently in the same chromosomal location is negligible. This means that the L1 elements are similar to the previously reported mobile element insertion polymorphisms (Batzer et al. , 1994 Hammer 1994; Zietkiewicz et al. 1994; Arcot et al. 1995a Arcot et al. ,b, 1996 Arcot et al. , 1998 Novick et al. 1995; Tishkoff et al. 1996; Stoneking et al. 1997; Boissinot et al. 2000; Jorde et al. 2000; Santos et. al. 2000) . In addition, this makes the L1-insertion dimorphisms and other mobile-element insertion polymorphisms (e.g., Alu-insertion polymorphisms) unique as compared to other genomic polymorphisms, such as single nucleotide polymorphisms (Sherry et al. 2000) , simple sequence repeats (Nakamura et al. 1987) , or restriction site polymorphisms (Botstein et al. 1980) , which may arise numerous times within a population and, hence, are merely identical by state.
We have also shown that the ancestral state of L1-insertion polymorphisms is the absence of the L1 element through PCR-based analysis of orthologous positions within the genomes of several nonhuman primates. This information concerning the ancestral state can be used to root trees/plots of population relationships derived from the analysis of L1-insertion dimorphisms. Unambiguous knowledge of the ancestral state of these and other mobile-element-insertion polymorphisms (e.g., Alu-insertion polymorphisms in the human genome), as well as other insertion/ deletion polymorphisms makes these types of polymorphic markers unique (Batzer et al. 1994 Stoneking et al. 1997) . The insertion of L1 elements into the human genome is also an ongoing process, resulting in a wide array of L1-based insertion dimorphisms that have arisen at different times during human evolution and are shared within a population or between different populations or may be unique to a single individual or family.
To explore the utility of L1-based insertion dimorphisms for the study of human population relationships, we analyzed the distribution of six LID elements in 14 human populations. In the PC analysis, the populations cluster in a manner that shows good concordance with geographic proximity between populations. In addition, the hypothetical ancestral population, or root of the PC plot, resided in Africa, suggesting an African origin of our species. This result is in agreement with a growing body of literature involving the analysis of a variety of genetic systems (reviewed in Jorde et al. 1998) . However, these results should be interpreted with caution, given the small number of populations and loci involved.
A comparison of the levels of genetic variation associated with the LID elements reported here and those of previously reported Alu-insertion polymorphisms (Batzer et al. 1994 Stoneking et al. 1997 ) reveals that both the levels of heterozygosity and the average allele frequencies of the LID elements reported in this study are lower than those previously reported for Aluinsertion polymorphisms. Although this may partially reflect the limited set of populations that have been surveyed for L1-element-based genetic variation, we believe that this potential source of bias is minor. Rather, the major reason for the difference probably resides in the method by which the LID and Alu elements were originally identified. Most of the previously identified Alu-insertion polymorphisms have been identified by screening total genomic libraries (Batzer et al. 1990 Arcot et al. 1995a Arcot et al. ,b, 1996 Arcot et al. , 1998 or data mining (Roy et al. 1999) . Because these elements were identified by first screening the entire genome or database for the presence of subfamily specific repetitive elements and then testing each element for polymorphism, the frequency distribution of these ascertained elements is biased toward very common elements, for the element must be present in the individual whose genome is being analyzed. By contrast, the direct identification of mobile elements that are polymorphic by PCR-based display as reported here for L1 elements shifts the frequency spectrum of the ascertained elements toward the less common or more recently integrated elements within the genome. The higher frequency elements are not identified as polymorphic because they are more likely to be shared between genomes in heterozygous or homozygous states. This difference makes the data-mining and genomescreening approaches for the identification of polymorphic mobile-element insertions complementary to the PCR-based displays reported previously for Alu repeats (Roy et al. 1999 ) and in our study for L1 elements. Alu and L1 elements have also previously been shown to have different physical distributions within the human genome (Soriano et al. 1983; Manuelidis and Ward 1984; Korenberg and Rykowski 1988; Moyzis et al. 1989) . Therefore, the combination of L1-insertion and Alu-insertion polymorphisms should provide a genome-wide assortment of mobile-element-based polymorphisms composed of 2000 or more elements for the analysis of human evolutionary history.
One previous limitation of the use of transposable element markers for the study of population genetics has been the difficulty in discovering new markers using laborious library screening procedures Arcot et al. 1995a Arcot et al. ,b, 1998 and the related difficulty of discovering mobile element insertion events that have occurred during recent human evolutionary history. For example, previously reported L1Hs dimorphisms were identified either by the chance discovery of insertions in genes being investigated for other reasons or by the screening of genomic libraries for elements belonging to the Ta subclass (Dombroski et al. 1993; Bleyl et al. 1994; Sassaman et al. 1997) .
Given the large background of mobile elements that have amplified in the past within our genomes, the identification of the more recent events becomes the genomic equivalent of the identification of needles in a haystack. In our study, we have described an efficient method, called L1 display, that is designed for discovering LINE-1 insertion dimorphisms from diverse human populations. The L1 display can be performed simultaneously on many genomic DNA samples, thereby greatly increasing the likelihood of discovering both recent and ancient insertions. This assay should also prove useful for determining the rate of L1 transposition in somatic and germ-line tissues and to investigate a possible role for transposition in nondisjunction and oncogenesis Fanning 1992, 1993; Bratthauer et al. 1994; Hawley et al. 1994) .
METHODS Cell Lines and DNA Samples
The human DNA samples used for the L1 display were as follows: Melanesian (Me), Pygmy (Py), Druze (Dr), and Caucasian-1 (Ca-1) DNA were isolated from tissue culture cell lines GM10540, GM10492, GM11522, and GM05386 (Coriell Cell Repository), respectively; the Caucasian-2 (Ca-2) and Genomic Variation Induced by LINE-1 Transposons
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www.genome.org Chinese (Ch) DNA were isolated from blood samples donated by the authors using standard protocols (Sambrook et al. 1989 ). All of the samples used for the display analyses were derived from males. Human (Homo sapiens), HeLa (ATCC CCL2); chimpanzee (Pan troglodytes), Wes (ATCC CRL1609); gorilla (Gorilla gorilla), Ggo-1 (primary gorilla fibroblasts), were provided by Stephen J. O'Brien (National Cancer Institute, Frederick, Maryland, USA). Additional nonhuman primate DNA samples from five chimpanzees, one gorilla, three orangutans (Pongo pygmaeus), one macaque (Macaca fascicularis), and one tamarin (Saguinus oedipus) were obtained from BIOS Laboratories (New Haven, Connecticut, USA). Cell lines were maintained as directed by the source and DNA isolations were performed using Wizard genomic DNA purification (Promega). Human DNA samples from geographically diverse populations were either isolated from peripheral blood lymphocytes using Wizard genomic DNA purification kits (Promega) or were available from previous studies (Stoneking et al. 1997) .
Oligonucleotides
Arbitrary oligonucleotide decamers were purchased from Operon (Li et al. 1996) . The other oligonucleotides used in this study were prepared by the Center for Biologics Evaluation and Research core facility, or purchased from Life Technologies. The sequence of the L1 display oligonucleotides were as follows: ACA 5Ј-CTAATGCTAGATGACACA-3ЈNP 5Ј-GCACCAGCATGGCACA-3Ј Hb 5Ј-CCTGCACAATGTGCA-CATGTACCC-3Ј.The sequences of the oligonucleotides used in the analyses of individual LID elements are shown in Table 1 .
LID Identification Polymerase Chain Reaction
Three different types of PCR reactions were performed as follows. (1) L1 display PCR. The first round of L1 display PCR reactions were carried out with 25 ng genomic DNA, 0.5 µM primer ACA, and 0.3 µ⌴ decamer primer in 20 mM Tris pH 8.4, 1.5 mM MgCl 2 , 50 mM CaCl 2 , 0.2 mM deoxynucleotides, and 2.5 U Taq DNA polymerase for 40 cycles of 94°C for 30 sec, 36°C for 30 sec, and 72°C for 30 sec. The second round of reactions were carried out under the same conditions, except that the primer NP was substituted for primer ACA, and the template consisted of 2.5 µl of the products of the first-round reactions. (2) 3Ј-flanking PCR. Amplifications with primer ACA and primer 3FPa (Fig. 2) were performed with 200 ng genomic DNA, 0.2 µ⌴ of each primer and an annealing temperature of 50°C. (3) 5Ј-and 3Ј-flanking PCR. To amplify the LID insertion sites using primers 5FP and 3FPa (Fig. 1) , we utilized BIO-X-ACT DNA polymerase (GeneMate), 200 ng genomic DNA, and 0.2 µM of each primer in OptiBuffer (GeneMate). Reactions were carried out for 31-36 cycles of 59°C for 30 sec and of 68°C for 3-6 min, depending on the length of the expected products.
Cloning and Sequencing of LID PCR Products
L1 display DNA fragments were isolated from agarose gels with the QIAquick gel extraction kit (Qiagen) and cloned by the TA method (Invitrogen). DNA sequences were determined with either the SequiTherm EXCEL kit (Epicentre Technologies) using 32 P -labeled primers or with the Thermo Sequanase kit (Amersham) using 33 P -labeled dideoxynucleotides. Sequence analyses and database searching were performed with the MacVector program version 6.0 (Oxford Molecular Group). The sequence of the insertion sites of LID 1-4, 6 were obtained by amplifying empty alleles using the Genome Walker kit (Clontech) and LID-specific primers. The accession numbers for the sequences from the LID elements re as follows LID 1, AF242438-AF242441; LID 2, AF242442-AF242444; LID 3, AF242445-AF242448; LID 4, AF242449-AF242451; LID 5, AF242452; LID 6, AF242453-AF242455. The 5Ј flanking sequence of LID 5 was obtained from GenBank (accession AC002122)
Southern Blotting and Ta Subfamily Quantification PCR products were separated electrophoretically in a 3% 3:1 NuSieve agarose gel (FMC) and alkaline blotted onto a Nytran Plus membrane (Schleicher & Schuell) . Hybridizations were performed with 32 P-end-labeled oligonucleotides (10 9 cpm/ µg) in 5 ‫ן‬ SSPE/0.3% SDS/10 µg/ml salmon sperm DNA at 42°C overnight. The membranes were washed in 2 ‫ן‬ SSPE at 25°C for 15 min, 2 ‫ן‬ SSPE/0.1% SDS at 25°C for 45 min and twice in 0.5 ‫ן‬ SSPE/0.1% SDS at 42°C for 15 min. Southern analysis of genomic DNA was performed as described (Church and Gilbert 1984) . To quantify the number of Ta 3Ј UTRs in an average genome, 6 ng pL1.2A (Dombroski et al. 1991 ) DNA was added to 4 µg of mouse LMTK-DNA and digested with Sau3AI and AccI. After digestion, the DNA was extracted with phenol/chloroform, ethanol precipitated, redissolved and the concentration again determined spectrophotometrically. The DNA was then diluted with a similarly prepared sample of mouse LMTK-DNA (into which no plasmid DNA had been added) at relative copy numbers of 700, 1050, 1400, and 2100 copies of pL1.2A per haploid genome. A 1 µg sample of each and 1 µg of similarly digested genomic DNA from individual Ca-2 were Southern blotted and hybridized to the L1Hs-Ta specific oligonucleotide (oligomer C [5Ј-TGCTAGATGA-CACATTAGTG-3Ј] from Sassaman et al. 1997) . Hybridization and washing conditions were as listed above. The relative activity of the hybridized bands was measured on a PhosphoIimager (Molecular Dynamics). Results indicate a relative copy number of 2250 for the Ca-2 band and a linear relationship of copy number to signal in the standard lanes. Calculation of the number of LIDs was performed as follows:
Variable 
LID Genotyping and Human Genomic Diversity
Nucleotide sequences flanking individual Ta L1 elements were screened against the GenBank nonredundant database for the presence of repetitive elements using the basic local alignment search tool (BLAST program) from the National Center for Biotechnology Information (Altschul et al. 1990 ). PCR primers for each locus were designed either manually or using the software PRIMER (Whitehead Institute for Biomedical Research, Cambridge, Massachusetts, USA). PCR amplification was carried out in 25 µl reactions under exact conditions as described previously for Alu-insertion polymorphisms (Stoneking et al. 1997) . Individual LINE insertion dimorphisms were genotyped by direct inspection of agarose gels after amplification. The sequences of the primers for each locus and their annealing temperatures are shown in Table 1 . The observed numbers of each genotype for each locus and population are available upon request from the authors.
